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With excess nutrition, tlie burden of obesity is a growing problem worldwide. 
The imbalance between energy intake and expenditure leads to variable disor- 
ders as all major risl< factors for cardiovascular disease. There are many hypo- 
thetical mechanisms to explain obesity-associated hypertension. Activation of 
the RAAS is a l<ey contributing factor in obesity. Particularly, the RAAS in adipose 
tissue plays a crucial role in adipose tissue dysfunction and obesity-induced 
inflammation. The phenotypic changes of adipocytes occur into hypertrophy and 
an inflammatory response in an autocrine and paracrine manner to impair adi- 
pocyte function, including insulin signaling pathway. Adipose tissue produce 
and secretes several molecules such as leptin, resistin, adiponectin, and visfatin, 
as well as cytokines such as TNF-a, IL-6, MCP-1, and IL-1. These adipokines 
are stimulated via the intracellular signaling pathways that regulate inflamma- 
tion of adipose tissue. Inflammation and oxidative stress in adipose tissue are 
important to interact with the microvascular endothelium in the mechanisms of 
obesity-associated hypertension. Inaeased miaovascular resistance raises 
blood pressure. Therefore, a regulatory link between microvascular and perivas- 
cular adipose tissue inflammation and adipokine synthesis are provided to 
explain the mechanism of obesity-associated hypertension. 
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Introduction 

For a long lime, to survive, the human body has adap- 
ted to lack of nutrition including energy, salt, and water. 
With excess nutrition, the burden of obesity is a growing 
problem worldwide although malnutrition still remains 
unsolved in undeveloped areas. The problem is the imba- 
lance between energy intake and expenditure that leads 
to various human disorders. Many scientists have studied 
the mechanisms of the energy balance which help them 
understand variable disorders of cells, tissues, organs and 
the whole body. All of endocrine system, body energy 
stores and central nervous system interact together for 
an efficient energy balance of the human body (Fig. 1). 



The reason why obesity-assodated hypertension is incre- 
asingly recognized as an important phenotype is that both 
obesity and hypertension are components of the metabolic 
syndrome (including type 2 diabetes mellitus and dyslipi- 
demia). These are all major risk factors for cardiovas- 
cular disease. The consequence of obesity is an alarming 
increase in adults, even in children. Otherwise, obesity 
increases the risk for type 2 diabetes mellitus, cardiovas- 
cular disease, cancers, and musculoskeletal disorder, and 
pulmonary disease^'. Although obesity is an important 

Energy Intake vs Energy Expenditure 

Endocrine system | | Body energy stores | | Central nervoos system" 
Fig. 1 . The energy balance of human body. 
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risk factor for diabetes and hypertension, the two most 
common etiologies of chronic kidney disease, obesity itself 
may potentiate Iddney injury. In many researches, inde- 
pendent of Iddney injury, obesity is also associated with 
the development of hypertension. However, the mecha- 
nisms underlying obesity-associated hypertension have 
not yet been clearly understood. In this review, we briefly 
summarize several mechanisms that provide the understan- 
dings of obesity-assodated hypertension. 

Putative mechanisms of obesity-associated 
hypertension 

There are a large number of hypothetical mechanisms 
via which obesity is able to cause hypertension (Fig. 2)^'. 
They include the renin-angiotensin-aldosterone system 
(RAAS), the sympathetic nervous system (SNS), metabolic 
dysregulation (including hyperinsulinemia, adipokine im- 
balance, and increased inflammatory cytokines). 

Activation of the RAAS is a key contributing factor in 
obesity^'. Angiotensin II, a potent vasoconstrictor and aldos- 
terone with other RAAS metabolites have been known to 
underlie obesity-associated hypertension. Several mecha- 
nisms (including the SNS stimulation of renin release) have 
been considered to cause RAAS activation. Recent studies 
have reported the RAAS activation in adipose tissue, espe- 
cially visceral adipocytes with the generation of angioten- 
sin II and aldosterone. 




Fig. 2. Putative mechanisms of obesity-associated hypertension 
including the renin-angiotensin-aldosterone system (RAAS), the 
sympathetic nervous system (SNS), and metabolic dysregulation. 



Hyperinsulinemia in obesity is a possible factor in obesity- 
assodated hypertension. Insulin induces the activation of 
the SNS'^'. Insulin also has a direct action on the Iddney 
to stimulate sodium retentioa As adipokine, leptin produ- 
ced in adipocytes, suppresses appetite potentiy and stim- 
ulates the SNS. Leptin deficiency causes severe obesity 
in animals and humans. Both insulin-mediated and leptin- 
mediated SNS activation may be considered as mecha- 
nisms compensated in obese patients to stabilize weight 
and restore energy balance by stimulating sympathetically 
mediated thermogenesis with consequent enhancement of 
energy expenditure^'. 

Another contributing factor in obesity-associated hyper- 
tension is vascular stiffness which is influenced by adipo- 
kines such as leptin and hyperinsulinemia in obesity'*'. 
There are also oxidative stress and inflammation that leads 
to endothelial dysfunctioa Decreased nitric oxide impairs 
vascular relaxation leading to vasoconstriction for hyper- 
tension. 

There are three major factors among the leading hypo- 
theses regarding the underlying mechanisms responsible 
for obesity-assodated hypertension. They are adipose tissue 
dysfunction, activation of the RAAS, and endothelial dys- 
function. 

Adipose tissue dysfunction: Obesity- 
induced inflammation 

Excess energy-induced fat accumulation contributes to 
the harmful disorder of many tissues, such as the panaeas, 
liver, skeletal muscle, heart, and vessels^'. Multiple mole- 
cular mechanisms affect on the development of obesity- 
related complications. Recent data provides that the innate 
inflammatory activity might be an important role in the 
pathophysiology of obesity-related diseases^. In partic- 
ular, the inflammatory cells of monocytes/macrophages 
are considered as an important contributing factor. Obe- 
sity is acconpanied by infiltration and activation of macro- 
phages in adipose tissue, leading to chronic inflammation 
of adipose tissue. Adipose tissue has been reported by 
Hotamisiligil et al. that it is an important organ of obesity- 
induced inflammation determined by expressing proin- 
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flammatory molecules . The phenotypic changes of adi- 
pocytes occur into hypertrophy and an inflammatory re- 
sponse in an autocrine and paracrine manner to impair 
adipocyte function, including insulin signaling^'. Recently 
the inflammatory molecules of adipose tissue for under- 
standing these mechanisms have been recognized^'^'. Adi- 
pose tissue has been considered as an important source 
of obesity-induced inflammation by the inflammatory mole- 
cules, such as tumor necrosis factor-a (TNF-a), interleu- 
kin-6 (IL-6), monocyte chemoattractant protein-1 (MCP-1), 
and inducible nitric oxide (iNOS)*'^. 

Despite adipose tissue not only secreting inflammatory 
mediators, but it also responds to inflammatory signals. 
They express various receptors for cytokines, chemokines, 
and growth factors. However, a contribution of adipocy- 
tes to secretion of proinflammatory adipokines is low in 
most instances. Interestingly in metabolic disorders, this 
low-grade inflammatory response in adipose tissue can occur 
persistently, which is different from that in autoimmune 
diseases. Recently, an inflammation in adipose tissue has 
been reported in the infiltration of immune cells such as 
monocytes/macrophages. Thus, the view for the role of 
adipose tissue has been extended into an immunologically- 

9) 

active organ . 

The molecular mechanisms underlying monocyt^mac- 
rophage recruitment to adipose tissue is not clearly unders- 
tood. A recent review revealed that various stimuli, inclu- 
ding lipopolysaccharide and free fatty acids, activate the 
intracellular transcriptional nuclear faaor kappa B (NF-K 
B) pathway via TNF receptor 1, IL-6 receptor, and toll- 
like receptor (TLR)-4. The NF-kB pathway plays a bridg- 
ing role in the innate immunity with metabolism^'^^l Of 
note, recent studies observed that obesity induces adipose 
tissue inflammation infiltrated by distinct immune cells, 
especially macrophages and T lymphocytes^^'^^'. Macro- 
phages might be largely responsible for the enhanced in- 
flammatory activity of adipose tissue in obesity. In addi- 
tion, obesity changed the phenotype of macrophage in 
adipose tissue^^'. Macrophages might have a heterogene- 
tic function in response to different stimuli. In the lean 
and insulin-sensitive milieu, macrophages are polarized 



toward M2 or "alternatively activated" macrophages. Excess 
nourished status induces hypertrophic changes in adipo- 
cytes secreting chemoldnes, that are differentiated into 
Ml or "classical" polarized macrophages. Ml-polarized 
macrophages release TNF-O, IL-6, IL-10, and iNOS that 
cause activation of the NF-kB pathway in adipocytes^"*'. 
Eventually the specific macrophage population of adipose 
tissue is involved in obesity-related adipose tissue inflam- 
mation, which is tightly linked to insulin resistance^^'^^. 

Adipokines and neuropeptides: A iinic bet- 
ween tlie adipose tissue and liypeitension 

Adipose tissue is a highly metabolic organ with pleur- 
ipotent functions far beyond the mere storage of energy. 
Adipose tissue produce and secrete several molecules such 
as leptin, resistin, adiponectin, and visfatin, as weU as 
cytokines such as TNF-a, IL-6, MCP-1, and IL-1. These 
adipokines are stimulated via the intracellular signaling 
pathways that regulate inflammation of adipose tissue. 

Leptin is a peptide hormone secreted from adipose tis- 
sue into circulation. It has effects on the hypothalamus 
to decrease appetite and stimulate sympathetic activity 
leading to induce hypertension. These actions are medi- 
ated by two pathways, which are through either the pro- 
piomelanocortin-derived peptides-Otmelanocyte-stimulat- 
ing hormone (MSH)-driven by high leptin levels, or agou- 
ti-related peptide and neuropeptide Y (NPY). MSH bind 
to melanocortin receptors to stimulate the SNS, elevate 
energy expenditure and activate the hypothalamus-pitui- 
tary-adrenal axis. Normally, NPY is suppressed by high 
leptin level, but, interestingly, NPY, overexpressed in the 
leptin-resistant state of obesity, rather activate the SNS 
leading to hypertension. 

Other peptide such as adiponectin, ghrelin, and endo- 
cannabinoids are related with insulin resistance to be in- 
volved with obesity-associated hypertension. 

The RAAS and adipose tissue 

Qinical trials for hypertension have presented the result 
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of lower incidence of diabetes mellitus among patients 
treated with RAAS inhibitor than other classes of anti-hy- 
pertensive drugs^'^^''. Despite these studies were perfor- 
med on patients with hypertension or congestive heart 
failure, a relative risk for new-onset diabetes mellitus was 
reduced in a meta-analysis of randomized controlled trials. 
Moreover, the activity of RAAS is also associated with 
the metabolic syndrome such as obesity^"'. Interestingly, 
mature adipocytes express all components of RAAS, in- 
cluding angiotensinogen, angiotensin-converting enzyme, 
as well as angiotensin type 1 (ATI) and angiotensin type 
2 (AT2) receptors^^'. Angiotensinogen mRNA in murine 
and human adipocytes was identified in the late 1980s^^'. 
Angiotensinogen is produced predominantly from white 
adipose tissue and liver. Adipose angiotensinogen is in- 
volved in adipose tissue growth and blood pressure regu- 
lation^'. Plasma angiotensinogen has been thought to be 
a reflection of hepatic production. However, Massiera F 
et al. investigated "wliether adipose angiotensinogen is relea- 
sed locally and into the blood stream using transgenic 
mice with angiotensinogen expression restricted to adi- 
pose tissue. They demonstrated that angiotensinogen pro- 
duced by adipose tissue has an influence on both the local 
tissue and systemic circulation, which supports a role of 
adipose angiotensinogen in obesity-assodated hypertensioa 
Consistently, angiotensinogen expression in adipose tis- 
sue of obesity of rats and humans were demonstrated^"*"^'. 
Elsewhere, other RAAS components, including angioten- 
sin converting enzyme, renin, renin receptor, ATI recep- 
tor, AT2 receptor, and Mas receptor are produced from 
adipose tissue (Fig. ?)f^^^\ This data surest a local tissue 
RAAS also works at adipocyte level. As a result, angiotensi- 
nogen is served into adipocyte hypertrophy and hyper- 
tension via angiotensin II, which induce systemic vaso- 
constriction, sodium and water retention and aldosterone 
production. 

More interestingly, angiotensin II has a major role in 
promoting lipid storage in mature adipocytes. Yvan-Charvet 
and Quignard-Boulange demonstrated that angiotensin n 
increased cholesterol uptake into murine adipocytes via 
phosphatidylinositol 3 kinase (PI3K)-dependent translo- 
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Fig. 3. The components of renin-angiotensin-aldosterone (RAAS) 
and its metabolites established in adipose tissue (*: angiotensino- 
gen, angiotensin converting enzyme, renin, renin receptor, ATI 
receptor, AT2 receptor, and Mas receptor produced from adipose 
tissue). 

cation of scavenger recep- tor^^'. ATI antagonist-treated 
mice revealed enhanced plasma free fatty acid and ATI- 
deficient mice showed low glucose uptake in adipose tissue. 
They suggest that angiotensin n functions as a lipogenic 
hormone through AT2 receptor in human and murine 
adipocyte. However, our study showed that angiotensin n 
decreased glucose uptake and lipid storage in adipocyte^"*'. 
On the other hand, receptor antagonist of either ATI or 
AT2 decreased glucose uptake and restored lipid contents 
in adipocyte. In addition, there is rare evidence for the 
action of angiotensin n on other receptors such as Mas 
receptor. Therefore, the exact role of angiotensin n and 
angiotensin receptor in the mechanisms of adipocyte metabo- 
lism, remains unclear. 

Microvascular dysfunction and insulin 
resistance 

Endothelial dysfunction and arterial stiffness are consi- 
dered an independent predictor for the progression of 
cardiovascular events and chronic kidney disease contri- 
buting to systolic hypertension^^'^'''. Elderly people have 
a greater chance to progress into those changes, but young 
obese people present similar changes in them Inflamma- 
tion and oxidative stress in adipose tissue are important 
to interact with the microvascular endothelium in the 
mechanisms of obesity-associated hypertension^^'. Espe- 
cially inflammation and oxidative stress in visceral perivas- 
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cular adipose tissue are associated with augmented sys- 
temic inflammation and oxidative stress. Finally, they are 
strongly interrelated through a vicious cycle, leading to 
endothelial dysfunction and vascular hypertrophy, where 
microvascular endothelium-dependent vasodilatation is 
impaired in response to vasodilators such as insulin. Incre- 
ased microvascular resistance raises blood pressure and 
decreases blood flow in organs including skeletal muscle, 
leading to metabolic disorder. Otherwise interestingly, 
various stimuli of free fatty add, angiotensin H, proin- 
flammatory molecules induce vascular insulin resistance. 
Insulin signaling pathways in vascular endothelial ceU are 
based on the balance between vasoconstriction and vaso- 
dilatation^^'. Through insulin receptor, insulin receptor 
substrate-1 (IRS-1), PI3K, Akt, endothelial NO synthase 
(eNOS), and nitric oxide (NO) consist of vasodilatory 
pathway. On the other hand, the activation of extracel- 
lular signal-regulated kinase 1/2 (ERK 1/2), mitogen acti- 
vated phosphate kinase (MAPK), and endothelin-1 (ET- 
1) lead to vasoconstriction. TNFo, angiotensin II, and 
free fatty add produced from perivas- cular adipose tissue 




Fig. 4. The new therapeutic target of obesity and hypertension 
focusing on both adipokines and neuropeptides. 



activate Akt pathway, but not ERKl/2 pathway. However, 
adiponectin stimulates AMPK and inhibit MAPK, leading 
to the activation of eNOS. There- fore, a regulatory link 
between microvascular and perivascular adipose tissue in- 
flammation and adipokine synthesis are provided to ex- 
plain the mechanism of obesity-assoda- ted hypertensioa 

Conclusion 

Obesity has been implicated in increasing the risk for 
cardiovascular diseases. The complex interactions bet- 
ween obesity and hypertension still raise many questions 
regarding the exact mechanisms to prove cause and effect 
of them Further research focusing on both adipokines 
and neuropeptides may provide simultaneously the new 
therapeutic target of obesity and hypertension (Fig. 4). 
A better understanding of the pathophysiology of obesity- 
associated hypertension may promise the possible self- 
control for appetite and blood pressure in the near future. 
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